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immune response in vertebrates. Using NMR chemical shift perturbation mapping, we present pre-
viously lacking experimental evidence for intermolecular interactions between the CCP1 and CCP2
modules of the human C1r serine protease (SP). The identiﬁed interface is clearly distinct from that
observed in the covalently linked CCP1–CCP2 pair. Structural models of the CCP1–CCP2–SP segments
of two C1r molecules built on the basis of shift perturbation data are fully consistent with an
extended interaction interface and suggests the possibility of a structural rearrangement as a switch
between functional states of human C1r.
Structured summary:
MINT-8045767: CCP1 (uniprotkb:P00736) and CCP2 (uniprotkb:P00736) bind (MI:0407) by nuclear mag-
netic resonance (MI:0077)
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.lytic subunit of C1 (C1s) proteins, the latter two of which are mul-
timodular serine proteases. C1r plays an important role in the
cascade through autoactivation and subsequent cleavage and acti-
vation of C1s. The N-terminal three modules [1,2], CUB1–EGF–
CUB2 (the N-terminal fragment of the A chain) of C1r are required
for the calcium ion-induced binding to C1s and to C1q, the struc-
tural part of C1 [3,4]. These interaction fragments are connected
to the C-terminal catalytic fragments (cB) formed by the CCP1–
CCP2–SP [complement control protein module (CCP); serine prote-
ase (SP)] domains, whose CCP1–CCP2 [c of N-terminal chain of ac-
tive C1r composed of a, b and c fragments (A chain)] and SP (the
shorter C-terminal chain of active C1r, which is the serine protease
domain) domains are held together by a disulﬁde link in the enzy-
matically active form [5]. There are multiple observations suggest-
ing that the full-length C1r molecule dimerizes at some point of
the activation process [6]. Dimer was also formed by the cB frag-
ment above pH 5.5 but not by the CCP2–SP or the sole SP domain
[7]. These observations point to the role of the CCP1 module in
dimerization, which is in accordance with crystal structures of
the zymogen [protein data bank (PDB) code: 1gpz] [8] and the ac-
tive cB (PDB code: 2qy0) [9]. Recent solution-state observations
including DLS and gel-ﬁltration chromatography also suggest that
the CCP1–CCP2 fragment is capable of forming larger structurallsevier B.V. All rights reserved.
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exact structural details of the dimerization in the solution state re-
main largely elusive. Flexibility analysis on the intact CCP modules
yielded results in accordance with the existence of partner binding
sites on both modules, but direct observation between covalently
unbound CCP1 and CCP2 has not yet been demonstrated.
Unlike strong bindings, weak protein:protein interactions are
generally undetectable by most biochemical methods, although
these contacts are supposed to play role in mechanisms through
intra- and extracellular transient complexes [11]. Nevertheless,
NMR-spectroscopy is a sensitive enough technique to detect such
interactions. One of the most convenient methods is the chemical
shift perturbation mapping [12] to highlight contact residues via,
e.g. NH cross-resonance changes due to altered chemical environ-
ment. Moreover, a resulting transient complex can be envisioned
using suitable data-driven docking [13].
In the present study, we describe NMR ‘‘cross-titration” exper-
iments of the free 15N labeled CCP1 and CCP2 modules. Chemical
shift changes were monitored for both modules and used to deﬁne
the interface residues of both partners. Subsequently, the two sets
of shift-mapping information were used for a data-driven docking.
Based on the possible intermodule orientations obtained, we con-
structed possible interaction models of the corresponding cB di-
mers to explore the biochemical relevance of the identiﬁed
interaction.2. Materials and methods
2.1. Protein production
Unlabeled and 15N-labeled protein expression and puriﬁcation
were achieved as described earlier [10]. Brieﬂy, modules corre-
sponding to Q173–D358 (for CUB2–CCP1) and I356–V433 (for
CCP2 having an Ala-Ser-Met N-terminal construction artifact) are
expressed in bacterial systems. CUB2 was thermolysin digested
from CUB2–CCP1 resulting single CCP1 (T286–D358).
2.2. NMR experiments
15N-labeled CCP1 (10 mg/ml = 1.168 mM) was titrated in 10
steps by adding 30 ll aliquots of unlabeled (‘‘cold”) CCP2
(1.140 mM) until reaching a module ratio of 1:1. Subsequently,
15N-labeled CCP2 (13 mg/ml = 1.425 mM) was also titrated with
unlabeled CCP1 (1.457 mM) in a very similar manner. In both
cases, at each titration point, 1D 1H and 1H–15N heteronuclear sin-
gle-quantum correlation spectra were recorded. In addition, R2
relaxation measurements [14] were completed for the 15N-labeled
CCP2 with CCP1 at 1:1 stoichiometry. We have removed the buf-
fer (Tris–HCl) from the samples before the titration and have not
used any additives. All measurements were performed at 300 K
and pH 7 in pure aqueous solution.
Spectral processing, resonance assignment and relaxation data
analysis was completed with NMRPipe [15] and SPARKY [16].
Chemical shift difference for each resonance was calculated as
|D1H| + 1/4|D15N| [17].
2.3. Data-driven docking and modeling the dimer of the catalytic
fragment
Based on the observed chemical shift changes, we performed
data-driven docking with the program HadDock [18,19] (Fig. S1)
closely following the protocol described in Ref. [17]. Module coor-
dinates were taken from chain A of the complex of C1r catalytic
fragments (PDB ID code 2qy0) [9]. Residue speciﬁc surface accessi-
bility was calculated with the program NACCESS [20]. Residueswith overall surface accessibility larger than 55% and exhibiting
signiﬁcant chemical shift changes (over the average +1/2 standard
deviation) were deﬁned as active ones. Passive residues were those
with relative main chain or side chain surface accessibility layer
than 55%, but not exhibiting signiﬁcant shift changes. Dockings
were run on the HadDock web server and analyzed in a standard
manner [18,19]. HadDock clusters were structurally aligned to cor-
responding modules of the cB fragments of the zymogen structure
(PDB code: 1gpz) [8] using the program PyMOL.3. Results
3.1. Interaction between the single CCP modules
We performed chemical shift perturbation experiments using
one isotope-labeled and one unlabeled CCP module of the human
complement protease C1r. The observed perturbations in the 1:1
state (Fig. 1, Tables S1 and S2) are, on average, about two times
higher for CCP2 (0.029 ppm) than for CCP1 (0.011 ppm). The
migration of the resonances during the titration steps in the
NMR spectra is consistent with fast exchange, indicating a rela-
tively weak interaction between the modules.
All observed chemical shift alterations could be mapped to sur-
face residues that can be grouped into well-deﬁned patches on
both modules consistent with a speciﬁc binding interface
(Fig. 1). The presence of the interaction is also conﬁrmed by the
robust increase of the R2 values (from an average of 7.16 ± 1.02–
18.33 ± 7.92 s1) measured for the CCP2 module (out of the 62 ob-
servable residues of the complex R363, Y394, T398, R399 and I427
are not considered) at the titration endpoint equivalent to a 1:1
molar ratio (Fig. 2, Table S3, Figs. S2 and S3). This corresponds to
an increase in global rotational correlation time (sc), consistent
with hydrodynamic calculations on the free module and the
docked complex (see below). We also note that both the R2 and
diffusion coefﬁcients of complexed CCP2 are comparable to those
obtained for the CCP2 module in the covalently linked tandem
CCP1–CCP2 module pair [10]. All this is in agreement with the ex-
pected molecular size of a 1:1 complex, although it is important to
note that we do not have a fully titrated state at our endpoint of
1:1 molar ratio and our data did not allow reliable estimation of
the binding constant. Thus, more precise measurements with
dedicated techniques are needed to extract more quantitative
information.
The identiﬁed interaction interface is distinct from the inter-
modular one observed in the covalently linked tandem CCP1–
CCP2 module pair [10]. This indicates that these modules are capa-
ble of mediating intermolecular contacts between two C1r mole-
cules. The binding interfaces identiﬁed in this study coincide well
with ﬂexible surface loops characterized earlier [10].
3.2. Diverse relative orientations on speciﬁc binding sites
Having obtained the chemical shift perturbation data (Fig. 1),
we performed data-driven docking on the two modules by using
the HadDock web server [18,19]. Besides residues with high amide
NH chemical shift perturbation, Q361 and N367 of CCP2 were also
deﬁned active due to the large changes in their side-chain amide
shifts. The HadDock server returned ten distinct classes of inter-
modular orientations corresponding to ten clusters of output coor-
dinates (Table S4). To visualize the binding surfaces and to assess
the variability of the interaction, members of each cluster were
superimposed to both CCP1 and CCP2 (Fig. 3). In all of these dimer
constructs the interactions were restricted to a well-deﬁned inter-
face, especially on CCP2. The clusters can be divided into two
groups depending on the orientation of the modules according to
Fig. 1. Chemical shift perturbation mapping of CCP modules upon titration with the other module visualized on diagrams (left panels) and on modular surfaces (middle and
right panels are 180 rotated). Due to its intrinsic ﬂexibility, data for loop residues (shaded gray: Arg399–Ser405) is missing at pH 7 300 K. Upper panel: 15N-CCP1
perturbation observed upon adding equivalent amount of CCP2; Lower panel: similarly for 15N-CCP2 by adding CCP1. Color-coding is according to the combined NH shift
differences: red – perturbation larger than mean + 1/2 S.D.; purple – larger than mean + 4 S.D. (Glu425); orange – additional residues (Thr398, Glu406, Lys426) with shifts
larger than mean + 1/2 S.D. after excluding Glu425. (Note that the chemical shift scales on the diagrams are different!)
Fig. 2. The R2 rates of the free CCP2 (solid black line 7.16 ± 1.02 s1) and that of the CCP2:CCP1 complex (dashed gray line 18.33 ± 7.92 s1) at pH 7 300 K.
Fig. 3. Docking clusters are aligned for CCP1 (A) and for CCP2 (B) highlighting binding sites. Color-coding: green – CCP1; blue – CCP2; red – alignment outliers (left: cluster #1
and #5; right: cluster #7).
A. Láng et al. / FEBS Letters 584 (2010) 4565–4569 4567chain direction from the N- to the C-terminus. The cluster with the
best HadDock score (Table S4), also displaying the largest buriedsurface area and most favorable van der Waals interaction energy,
corresponds to an antiparallel or ‘head-to-tail’ orientation of the
4568 A. Láng et al. / FEBS Letters 584 (2010) 4565–4569modules. Highly similar overall HadDock scores have been ob-
tained also for opposite relative module orientations (Table S4).
The majority of residues with R2 value over average in the com-
plexed state lies opposite of the CCP1-binding face of CCP2. Such R2
values often associated with chemical exchange phenomena, e.g.
motions on the ls–ms time scale. Our observations most likely
indicate that the internal dynamics of CCP is altered upon the
interaction, most prominently affecting b-strand F [10].3.3. Modeling of CCP dimers might provide novel cB conformations
We constructed raw models of the full zymogen cB catalytic di-
mer (Fig. 4) based on the four highest ranked docked structures
(Table S4). To avoid introducing additional bias to the models,
we used the coordinates from the 1gpz crystal structure without
further reﬁnement. Thus, a small number of close contacts were
observed for each cB dimer model, which could be easily cleared
by subtle domain movements. Nevertheless, additional support
for this mode of dimerization comes from the fact that none of
the two N-glycosylation sites (N497 and N564) of the SP domains
seem sterically hindered in any of the models. From these data, the
model based on the most favorable HadDock solution (Fig. 4) cor-
responds to structure reminiscent to the antiparallel dimers seen
in some crystal structures of the CCP1–CCP2–SP fragments. WhileFig. 4. Antiparallel cB dimer interaction (orange and pink) observed in the crystal (A; PD
#3). Left: dimer from above; right: dimer from its side. Color-coding: red – catalytic triad
dark purple – N-glycosylation site (N497 and N564); light blue – carbohydrate moiety. Fo
each structure.in the crystal structures intermolecular CCP1:SP interactions are
prevalent [8,9], this model also allows interchain CCP1:CCP2 inter-
actions not only for the modules directly taken from the docking
results but also for the unrestrained CCP modules. Such an interac-
tion would require only subtle structural changes relative to our
raw model and is consistent with a mutual intermodular interac-
tion in which all CCP modules participate in a similar way.
4. Discussion
In this study we propose, the possibility of forming an extended
interface between the two cB molecules involving each and every
one of their CCP modules (Fig. 4). As our modeled dimer represents
a state that could be derived from the crystal structure by rela-
tively subtle reorganization, we suggest that the proposed weak
interaction is biologically relevant. Furthermore, the interactions
present in the crystal form and deduced from our study might even
play a role in switching between two different functional states of
C1r. The possible biological relevance of this is to adjust the posi-
tion of CCP1 with respect to the serine protease module to turn
allosteric regulation on and off. Also, the exact positioning of the
SP modules is probably highly important during the activation cas-
cade of C1. The suggested CCP1:CCP2 interaction also provides a
possible explanation for several aspects of C1s cleavage [7]. OurB code: 1gpz) and the proposed model based on NMR-derived HadDock (B; cluster
(His485, Asp540, Ser637); dark green – the modiﬁed scissile bond (Gln446-Ile447);
r overview, schemes of the module orientations are also shown above and below at
A. Láng et al. / FEBS Letters 584 (2010) 4565–4569 4569proposed model is consistent with a scenario where CCP2 is
responsible for target binding in processes like C1s activation,
and CCP1 is a competitive or allosteric regulator of such an interac-
tion. These roles of CCP modules might even be a more general fea-
ture of C1r-like modular serine proteases of the complement
system, like 2nd mannan-binding lectin associated serine protease
[21]. These results suggest a way in which Complement Control
Protein modules might regulate the activity of the complement
system.
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